ABSTRACT Measurements of head capsule, mandible, metanotum, and body weight were done on larvae of Tenebrio molitor L. (Coleoptera: Tenebrionide) from the second to the last instar. Instar number varied from 14 to 18, but 15 or 16 instars were the most common. The value of dimensional measurements was evaluated as a tool for instar determination and to improve understanding of instar variation in T. molitor. Three methods of analysis were used, including discriminant, cluster, and frequency distribution analyses. Stepwise regression analysis was used to determine the optimal combination of dimensional variables. Head capsule width, left mandible length, and body weight at the beginning of stadia were the most significant variables impacting instar. Discriminant analyses of instar using these three variables resulted in 47.74% misclassifications, indicating a high degree of dimensional overlapping among instars. Dimensional overlap and variability increased in older instars. Cluster 15-group analysis using measurements of head capsule width and mandible length resulted in the lowest level of group variability; however, there was low degree of correspondence between cluster groups and instars. Frequency distribution analysis of head capsule width revealed 11 peaks, but only the early 8 peaks corresponded with observed instars. All three methods of morphometric analysis failed to identify all instars of T. molitor correctly. Frequency distribution analysis provided the best match, but only among instars 2 to 10. It appears that instar variation in the larval development of T. molitor occurs after the 10th instar. A model of T. molitor developmental plasticity is proposed.
Introduction
The yellow mealworm, Tenebrio molitor L. (Coleoptera: Tenebrionidae), is a commonly mass-produced beetle that is currently sold in the United States for a variety of purposes. The larvae of T. molitor are one of the most common foods for captive mammals, birds, reptiles, and amphibians because they are easy to propagate, harvest, and feed (Martin et al. 1976 , Barker et al. 1998 , Finke 2002 . T. molitor has also been proposed as a source feed for catfish (Ng et al. 2001 ) and broiler chicken production (Ramos-Elorduy et al. 2003) .
Because it is relatively inexpensive to produce, T. molitor has been used as factitious prey or host for several biological control agents. Some insect predator species that have been reared using T. molitor include Perillus bioculatus (F.) (Pentatomidae) (Saint-Cyr and Cloutier 1996) , Podisus maculiventris (Say) (Pentatomidae) (De Clercq et al. 1998) , Podisus mucronatus Uhler (Costello et al. 2002) , Podisus nigrispinus (Dallas) (Lemos et al. 2003 , De Bortoli 2011 , Pristhesancus plagipennis (Walker) (Reduviidae) (Grundy et al. 2000) , and Dichochrysa prasina Burmeister (Neuroptera: Chrysopidae) (Pappas et al. 2007) . T. molitor also has been used as a host for in vivo mass production of entomopathogenic nematodes (Shapiro-Ilan et al. 2002 , 2008 .
Insect mass production for any purpose requires knowledge of the life cycle and, particularly, of instar determination of the mass-produced species. It is important to know the pupation schedule with some measure of accuracy in order to make decisions impacting colony maintenance and product harvesting. T. molitor displays plasticity in the number of instars during larval development (Esperk et al. 2007 ). The number of instars can vary from 9 to > 20 (Cotton 1927, Cotton and St George 1929) , depending on several factors including temperature (Ludwig 1956 ), humidity (Urs and Hopkins 1973) , oxygen concentration (Loudon 1988) , population density (Connat et al. 1991) , parental age (Ludwig and Flore 1960) , and food quality (Morales-Ramos et al. 2010) . The number of instars in T. molitor increases in response to adverse conditions (Esperk et al. 2007 ). Because of the variability in development time and number of instars in T. molitor, pupation occurs at different ages, continuously exposing pupae to cannibalism by late-instar larvae (Morales-Ramos et al. 2010 . It is currently unpractical to accurately separate larvae in ways that would synchronize pupation for colony reproduction.
Larval development time is reported to be affected by environmental factors in a similar way as the number of instars (Ludwig 1956 , Murray 1968 , Urs and Hopkins 1973 , Tyshchenko and Sheyk Ba 1986 , Loudon 1988 . Morales-Ramos et al. (2010) observed that development time is correlated with the number of instars in T. molitor and used stadia length as a base to analyze instar variation. The length of the last stadium (P-1) was more consistent than the previous two stadiums (termed P-2 and P-3), suggesting that instar insertion may occur late in larval development (Morales-Ramos et al. 2010 ). Stadia length is extremely regular among T. molitor instars 3-9, displaying relatively low variability (Morales-Ramos et al. 2010) . Dyar (1890) stated that the head widths of lepidopterous larvae follow a regular geometrical progression in their successive stages. Sclerotized structures of individual insects are assumed to usually remain constant in size during any given stadia (Daly 1985) . Frequency distributions of body measurements have been used to determine number of instars in insect with variable degrees of success depending on the degree of measurement overlapping among instars (Daly 1985) . Dimensional overlapping may occur in insects with developmental plasticity or variable numbers of instars (Harman 1970 , Kishi 1971 , Schmidt et al. 1977 . In some cases, the number of instars increases due to environmental hardship or starvation, inducing developmental stabilization or retrogression where dimensions remain stable or diminish in successive instars (Beck 1971 (Beck , 1972 .
The overall goal of this study was to explore larval dimensional changes during development as a factor to contribute to the understanding of instar variation in T. molitor. Specific objectives were to use different analytical methods to analyze measurements of head capsule, mandible, metanotum, and weight of each T. molitor instar, investigate whether dimensional variables have correspondence with sequential instars, and explore the potential of using morphometrics for instar determination.
Materials and Methods
Colony Maintenance. The T. molitor colony used in this study was originally established in 2005 from stock donated by Southeastern Insectaries Inc. (Perry, GA). The rearing methods were as described by Morales-Ramos et al. (2012) using stacked trays with screened bottoms (500-mm pore size) to grow the larvae, boxes with screened bottoms (850-mm pore size) to hold the adults, and collection of first instars in a second tray at the bottom. The colony was fed exclusively with wheat bran up to the completion of this study. Water was provided to the adults twice a week, and no water was provided to the larvae. Larvae of T. molitor have the ability to take up water dissolved in subsaturated air (Dunbar and Winston 1975) . The environment in the rearing room was maintained in darkness at 27 6 2 C and 656 7% relative humidity (RH).
Data Collection. Newly eclosed first instars we obtained by using the method described by Morales-Ramos et al. (2011) . Groups of 25 adult T. molitor were placed in stacked plastic boxes (140 by  103 by 36 mm   3 ) separated by nylon screen standard . Adults were provided with 4 g of wheat bran and 125 ml of reverse osmosis (RO) water twice a week. Adult females glued eggs to the bran flakes during oviposition. Eclosing first instars instinctively travel to the bottom where they fall through the screen to the second box at the bottom of the stack. First instars were collected daily and placed in small Petri dishes (55 by 15 mm 2 ) in groups of 30 larvae per dish. Dishes with larvae were maintained at 27 6 2 C, 65 6 7% RH, with no lights and provided with a diet consisting approximately of 80% wheat bran and 20% of a supplement composed of dry potato, dry egg white, soy protein, and peanut oil in 80:10:5:5 proportion, respectively (see Morales-Ramos et al. 2013) . Larvae were observed daily to determine instar change. Second instars were easily identified by coloration change from white to yellow. Individual second instars were transferred to new dishes and maintained at the same conditions until they molted to the third instar. Because of the high mortality normally occurring during the first and second stadia in T. molitor (MoralesRamos et al. 2010 (MoralesRamos et al. , 2011 , the experimental observations started with the third instars.
A total of 50 randomly selected third instars were placed individually in small Petri dishes as above and maintained at the same conditions above described. These third instars were assigned a key number and were followed through their development until pupation. Larvae were observed daily for evidence of instar change consisting of the presence of an exuvia. Exuviae were preserved by mounting them on microscope slides using PVA mounting media (BioQuip number 6371A, BioQuip Products, Inc., Rancho Dominguez, CA). Slides with exuviae were labeled with information consisting of larval ID and instar. Measurements of head capsule and metathorax length were done on recently molted larvae using a stereo microscope with calibrated ocular micrometer. Newly molting larvae were weighed using a precision balance (Mettler Toledo AB104-S, Laboratory & Weighing Technologies, Greifensee, Switzerland). Data consisting of larval ID, instar, larval weight, head capsule width, metathorax length, and stadia length were recorded. Measurements of mandible length of each instar were done from the preserved exuviae using a microscope equipped with a digital camera (Leica M205 C) and image analysis software (Leica Application Suite, Leica Microsystems, Heerbrugg, Switzerland). Mandible integrity was maintained in the exuviae, allowing accurate measurements unlike the head capsule, which was split during the ecdysis process. Data consisting of the length of both mandibles of each larvae and instar were recorded.
Data Analysis. Means of overall measurements of head capsule width, metathorax length, left mandible (Wu et al. 2013) .
Multiple linear regression analysis was used to determine the impact of each of the measurement parameters on predicting the sequential instar. The optimal number of parameters needed to predict the sequential instar was determined using stepwise regression analysis. The decision on whether to keep a parameter in the model was based on the Mallows' C p value (Mallows 1973) , which was obtained after each stepwise iteration. The optimal model was selected when the C p value was the closest to "p þ 1," where "p" is the number of independent variables in the model (Myers 1986 , Freund et al. 2003 ). The stepwise regression determined which of the measurement parameters were relevant for further analysis. Discriminant analysis (SAS Institute 2008) on instars was done using the variables of head width, left mandible length, and body weight to determine the percentage of correspondence of the measurements with the instars.
Cluster analysis was used to analyze group distribution using the Ward's minimum variance method (SAS Institute 2008). Two different sets of analyses were done using two and three variables. Data analyzed included measurements from second to eighteenth instars. First instars were not included in the cluster analysis due to the lack of mandible length measurements. The variables were chosen based on the results of multiple regression and stepwise analyses. Means and standard deviations of head capsule width, left mandible length, and body weight at the beginning of stadia were calculated for each group resulting from the cluster analyses. Calculations were done for 4 to 17 groups obtained in each of the two sets of analyses. The criterion for determining the optimal number of groups was based on the average standard error of the mean obtained for each of the three variables of the cluster groups resulting from each analysis.
Distribution of head capsule measurements among instars was analyzed using the method of frequency distribution analysis developed by McClellan and Logan (1994) . This method is based on the assumption that the frequency of measurement values follows a normal distribution as:
Where r i is the standard deviation and l i is the mean head width for instar "i." The full model consists of "i" submodels, each of which requires the estimation of three parameters (a, b, and c) as:
, and c i ¼ l i (McClellan and Logan 1994) . The full model is the sum of all submodels and is expressed as:
Where "n" is the total number of instars. In the case of T. molitor, the full McClellan and Logan model required estimation of 51 parameters taking into consideration a maximum of 17 possible instars. Parameters were estimated using nonlinear regression of JMP software, version 8 (SAS Institute 2008). We used mean and standard deviation values of head capsule measurements for each instar to estimate the initial parameter values substituting in equation 1 as suggested by McClellan and Logan (1994) . The probabilities of confusing instars "i" with "i À 1" (P(l i )), "i" with "i þ 1" (P(L i )), and "i" with any other instar (P(l i ) þ P(L i )) were calculated as suggested by McClellan and Logan (1994) respectively as:
and
Where "l i " and "L i " are the lower and upper limit for the ith instar, respectively. The upper and lower measurement limits represent the points of intersection between the normality functions (equation 1) of adjacent instars (McClellan and Logan 1994) .
Because developmental plasticity presents a unique problem for instar determination, data were also analyzed statistically by grouping individuals by instar previous to pupation (P-i) as opposed to sequential instar (Morales-Ramos et al. 2010) . For instance, the 14th, 15th, 16th, 17th, and 18th instars of those insects with larval development going through 14, 15, 16, 17, and 18 instars, respectively, will belong to the same instar previous to pupation (P-1). Means and standard deviations of head capsule width, left mandible length, and body weight were calculated for instars previous to pupation P-1 to P-12. These data were analyzed in the same way as the sequential instar data using ANOVA and comparing means by the Tukey-Kramer HSD test (SAS Institute 2008).
Results
Forty-one larvae completed development successfully from the 50 initial larvae. Instar variation ranged from 14 to 18 instars with 5, 16, 16, 3, and 1 larvae completing development within 14, 15, 16, 17, and 18 stadia, respectively (Table 1) . Overall mean development time of T. molitor was 151.07 6 22.6 d (mean 6 SD). Development time of T. molitor was proportional to the number of instars as reported by Morales-Ramos et al. (2010) (R 2 ¼ 0.71; F ¼ 94.1; df ¼ 1, 39; P < 0.0001) being shorter in larvae with fewer instars than in larvae with more instars (Table 1) .
Overall mean pupal weight was 127.3 6 28.6 mg, and the number of instars did not affect significantly the weight of resulting pupae.
Data Grouped by Sequential Instar. Means of instar-dependent head capsule width, left mandible length, metanotum length, and body weight (at the beginning of each stadia) for the 41 surviving T. molitor larvae starting at the 3rd instar are presented in Table 2 . Independent measurements of head capsule width of first and second instars were 371.81 6 14.4 and 394.47 6 12.76 mm, respectively. First and second instars weighed 0.38 6 0.02 and 0.48 6 0.03 mg, respectively at the beginning of the stadium. The length of the metanotum was 177.83 6 12.31 and 179.83 6 12.01 mm in first and second instars, respectively. Sclerotization was extremely low in first instars, and mandibles did not retain integrity in the exuviae. Morales-Ramos et al. (2010) previously noted a lack of pigmentation in the first instars of T. molitor, and this observation was confirmed in this study. As a result left mandible length could not be measured in first instars. Left mandible length measured 172.81 6 6.46 mm in second instars.
Growth ratios of head capsule width and left mandible length were relatively small, but were constant through larval development (Table 3) . Growth ratios of metanotum length showed fluctuations through larval development and higher variability (standard deviation; Table 3 ). The inconsistencies observed in growth ratios of metanotum length could be the result of less accurate measurement of this tergite due to difficulties of visually establishing the limit between terga and pleura. Nevertheless, regressions of instar versus logarithmic values of head capsule width (R 2 ¼ 0.95; df ¼ 1, 550; F ¼ 10829.8; P < 0.00001), left mandible length (R 2 ¼ 0.96; df ¼ 1, 550; F ¼ 11678.1; P < 0.00001), and metanotum length (R 2 ¼ 0.92; df ¼ 1, 550; F ¼ 6060.4; P < 0.0001) indicate a good fit with a geometrical growth pattern. Geometrical growth ratios seem to slow down in the late instars (14th-17th; Table 3 ). 
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Discriminant analysis on instar by head capsule width, left mandible length, and body weight, showed a 47.74% of misclassification based on the measurements. This indicates a high level of measurement overlap among the different instars. Misclassification occurred more frequently in older instars (Table 5 ).
The results of the analysis of variance showed significant differences among instars in head capsule width (F ¼ 546.3; df ¼ 15, 536; P < 0.0001), left mandible length (F ¼ 503.09; df ¼ 15, 536; P < 0.0001), and body weight (F ¼ 173.37; df ¼ 15, 536; P < 0.0001), but measurements did not differ significantly between subsequent instars in some cases. Early instars (3rd to 7th) displayed a geometrical growth pattern; however, head capsule and mandible length measurements were not significantly different between 2nd and 3rd; 3rd and 4th; 4th and 5th; 5th and 6th; 6th and 7th; and 7th and 8th instars, respectively (Fig. 1A and B) . Body weight was not significantly different among the 2nd to the 10th instar and significant changes in weight occurred only among instars 12th to 15th (Fig. 1C) .
The cluster analysis resulted in 15 groups as the optimal number based on average standard error of the means of three variables (head capsule width, left mandible length, and body weight) among the groups. The cluster analysis using two variables (head capsule and mandible) produced groups with lower standard errors of the mean than the analysis using three variables including body weight (Fig. 2) . Measurements of head capsule width and left mandible length were significantly different among larvae grouped in each of the 15 cluster groups (F ¼ 7418.4 and 5431.5, respectively; df ¼ 14, 562; P < 0.00001; Fig. 3A and B) . Body weight of 15 cluster groups was significantly different among the seven larger groups (F ¼ 1060.9; df ¼ 14, 562; P < 0.0001; Fig. 3C ). Cluster groups provided a better group definition based on body measurement differences than sequential instars, but there was no full correspondence among cluster groups and sequential instars ( Table 6 ).
The McClellan and Logan (1994) model analysis of the full data set yielded high probabilities of misidentifying instar i as i À 1 and i þ 1, especially among the late instars (Table 7) . Misidentification probabilities based on the hypothetical normal distribution model (equation 1) were higher than 50% for the 7th or older instars; the probabilities surpassed 60% among 12th or older instars, and 75% among 15th or older instars (Table 7) . Table 8 .
The plot of the hypothetical normal distribution full model of head capsule width using the sum of the partial normal distribution models for all 17 instars (equation 1) showed little instar differentiation with only seven clear peaks (Fig. 4B) . Six of these peaks occurred early in the larval development. Better instar differentiation was obtained from the plotted 45-parameter model using equation 3 where 11 peaks were evident (Fig 4C) . The plot of the 45-parameter model showed eight early peaks and three late peaks (Fig. 4C) . The head capsule measurements where the highest peak values occurred were 374. 48, 443.78, 513.09, 572.49, 651.69, 760.60, 869.51, and 993 .26 mm for peaks 1, 2, 3, 4, 5, 6, 7, and 8, respectively. Head capsule values at peaks 2-8 closely resemble the mean head capsule width measurements obtained for instars 3-9 (Table 2 ). Head capsule width at peak 1 appears to be intermediate between mean capsule measurements of first and second instars (371.81 6 14.4 and 394.47 6 12.76, respectively). Head capsule width values at peaks 9, 10, and 11 (1562.55, 1864.52, and 2097.18 mm, respectively) do not match mean values obtained from head capsule measurements of instars closely ( Table 2) . Probabilities of misclassification based on the 45-parameter model are presented in Table 9 .
Data Grouped by Instar Prior to Pupation. Means of head capsule width, left mandible length, body weight, and stadia length in days of P-1 to P-12 are presented in Table 10 . Data of metanotum length was omitted in this part of the study because the previous analysis showed higher variability that may be due to inaccuracy during measurement. Grouping the data by instar prior to pupation yielded better instar differentiation than sequential grouping based on head and mandible measurements. Means of head capsule width were significantly different among P-1 to P-10 (F ¼ 982.22; df ¼ 15, 536; P < 0.00001), and means of Fig. 2 . Average standard error of the mean among different number of cluster groups resulting from Ward cluster analysis of instars based on two (head capsule width and left mandible length) and three (head capsule width, left mandible length, and body weight at the beginning of stadia) variables. Fig. 3 . Statistical comparison of (A) head capsule width in mm, (B) left mandible length in mm, and (C) body weight in mg among cluster groups resulting from 15-group Ward cluster analysis of T. molitor instars using two variables (head capsule width and left mandible length). Bars with the same letter are not significantly different according to the Tukey-Kramer HSD test at a ¼ 0.05. mandible length were significantly different among P-1 to P-9 (F ¼ 879.84; df ¼ 15, 536; P < 0.00001; Fig. 5 ). Differences of mean body weight were significantly different among P-1 to P-5 (F ¼ 280.97; df ¼ 15, 536; P < 0.0001), but no differences in weight were observed among P-7 to P-12 (Fig. 5C) . However, the normal curve intersections of head capsule width among P-I hypothetical models using equation 1 yielded high probabilities of instar misidentification (Table 11 ). High levels of variability (standard deviation) in head capsule measurements resulted in substantial measurement overlap among instars prior to pupation (P-I; Table 10 ).
Discussion
Morphometric analyses of T. molitor revealed some basic characteristics in the relationship between size and stadia. Head and mandible sizes were highly variable within instars and markedly overlapping between instars. The discriminant analysis on instar with 17 groups corresponding to true instars showed a 47.66% misclassification based on head capsule width, left mandible length, and body weight. This level of measurement-based misclassification is a clear indication of a high degree of measurement overlap among the different instars. Dimensional overlap was also evident in the frequency distribution analysis showing high probabilities of instar misidentification using the normal distribution model (Table 7) . Additionally, head capsule, mandible, and body weight measurements did not statistically differ among many of the instars (Fig. 1) .
The 15-group cluster analysis yielded groups of statistically significant measurements (Fig. 3) , but there was no good correspondence between cluster groups and instars (Table 6 ). The Ward method of cluster analysis creates groups by minimizing the variance over all included variables (SAS Institute 2008). Groups created in this manner may not correspond to actual instars if measurements overlap widely. Cluster grouping based on head capsule width and left mandible length. Because the groups analyzed consisted of dimensional measurements of real instars, discrepancies in cluster versus instar groupings are errors of description of T. molitor development. Schmidt et al. (1977) and Kishi (1971) concluded that frequency distribution methods of morphometrics are not useful in determining the number of instars in insects with developmental plasticity. Results from this study show that other methods such as cluster and discriminant analyses are also ineffective at determining number of instars in insects with developmental plasticity. However, the morphometric analyses of head and mandible provided some valuable information for improving understanding of the dynamics of development in T. molitor.
The most striking observation was that the degree of measurement overlaps increased among older instars. This was evident in the discriminant analysis where a larger percentage of misclassifications was observed in groups representing older instars (Table 5 ). The cluster analysis also showed a greater lack of correspondence among older groups and instars (Table 6 ). The frequency distribution analysis also showed higher probabilities of misidentification among older instars (Table 7) . The full McClellan and Logan (1994) model produced few or no peaks among older instars (Fig. 4) . The fitted 45-parameter model produced a total of 11 peaks, but peaks 1 to 8 occurred between instars 1 to 9 and peaks 9 to 11 occurred between instars 10 to 17 (Fig. 4) .
One of the questions regarding T. molitor developmental plasticity is whether instars are morphometrically defined or growth follows a continuous pattern with no defined dimensional stages. The frequency distribution analysis seems to show that at least eight early instars are well defined morphometrically. These eight defined groups correspond to instars 1 to 9, with the first group consisting of instars 1 and 2 (Fig 4C) . In appearance, the larval development of T. molitor can be divided in two major substages. The first substage (instars 1 to 10) is where dimensional change and instars have apparent correspondence, and the second substage (instars 11 or older) is where there is little or no correspondence between dimensional change and instar. Morales-Ramos et al. (2010) reported high regularity in stadia length in the first through tenth instars. In addition, means and standard deviations of stadia length of instars 4-10 were lower than that of instars 11 or older (Morales-Ramos et al. 2010 ). In addition, the 45-parameter model-estimated values of parameters "c" of instars 1 to 10 closely resemble the mean head capsule widths for the corresponding instars, but not so for instars 11 or older (Tables 2  and 8 ). Parameter "c" of equation 2 corresponds to the mean in equation 1. It is possible that the first substage includes the basic (or minimal) number of instars for T. molitor. These basic instars would be expected to have more consistent body dimensions and development times. The second substage may be an adaptation to maintain growth under adverse conditions by lengthening the larval development time. It would be expected that instar insertion would occur during this second substage period resulting in variable and overlapping body dimensions and development times among instars. The smallest number of instars observed in T. molitor is 9 (Cotton 1927, Cotton and George 1929) . Ludwing (1956) observed a minimum of 11 instars in T. molitor when developing at 25 C. Urs and Hopkins (1973) also reported a minimum of 11 instars when water was provided versus dry conditions.
It is important to note that during the late development (instar 10 or older), larval weight increased exponentially from one instar to the next (Fig. 1C) . This does not necessarily mean that growth rate increased during this period because stadia increased in length after instar 10 (Table 1) .
Head capsule width may be a better predictor of instar during early development (first larval substage) than at the end of larval development (second larval substage) in T. molitor. Predicting instars during the second larval substage of T. molitor development may be better accomplished by using the criterion of instars prior to pupation (P-I) instead of sequential instars. Head capsule and mandible length measurements and body weight appear to be more regular when instars are grouped according to their closeness to the pupal stage (Table 10) . Still, probabilities of misidentification among P-I based on head capsule measurements remained high (Table 11) . Nevertheless, head capsule measurements and body weights may be useful in assessing the proximity to pupation with 95% confidence by grouping instars prior to pupation (Table 12) . This information can be valuable for a better separation of larvae that are close to pupation in a mass production system. 
